A high-resolution three-dimensional (3D) imaging technology has been developed, which is a combination of x-ray holography and computerized tomography (CT) technology called holographic computerized tomography (HCT). The theory and experimental techniques on biological specimens with the use of synchrotron radiation are discussed. Projections at different angles are reconstructed with the numerical method of in-line holography, and then the reconstructed data with a higher lateral resolution are used to restore the 3D image by the CT technique. With this method, the degradation caused by the diffraction of x rays is canceled, and 3D images with high resolution of micrometer magnitude in both the lateral and the longitudinal directions are obtained.
INTRODUCTION
X-ray microscopy has many advantages over other types of microscopy, such as optical and electron microscopy. Compared with visible light, the shorter wavelength of x rays means a higher resolution, which could be 10 nm or less theoretically. X rays penetrate much more deeply than electron beams, thus allowing thick specimens to be observed with x rays. With the transmission electron microscope, the sample must be cut into very thin slices. When soft x rays in the ''water window'' band are used, 1 a high-contrast microimage of an unstained, wet biological specimen, such as a cell in the atmosphere, can be obtained. Furthermore, low-energy x rays are sensitive to light elements and their chemical states and have wide application in the analysis of organic materials. Application of high-intensity x-ray source and synchrotron radiation facilities, together with the development of microfabrication techniques, makes high-resolution two-dimensional (2D) images with magnitude of tens of nanometers obtainable by soft x-ray microscopy. 2 However, 2D images cannot describe the inner structure of an object, especially a thick specimen, completely. The various parts of an object distributed in three-dimensional (3D) space will overlap with each other in 2D projection images. However, 3D images can describe the real structure or distribution of samples more clearly and can provide the detailed information necessary for scientific research. For this reason, a new microimaging technique that can obtain a stereo picture of an object is needed.
In soft x-ray microscopy, many imaging techniques, such as contact imaging, 3 scanning imaging, 4 direct imaging with a zone plate, 5 and x-ray holography, 6 are well developed. However, the numerical apertures (NAs) of these imaging systems are always very small. Therefore the longitudinal resolution is very poor, and all these imaging techniques are primarily 2D imaging methods. Three-dimensional imaging becomes possible when computerized tomography (CT) is used in these imaging techniques. Both the scanning x-ray microscope and the transmission x-ray microscope have obtained highresolution 3D images with use of CT. [7] [8] [9] CT is a kind of numerical imaging technique developed beginning in the early 1970s. Its main idea is to reconstruct a cross section of an object with a series of data obtained from the transaxial projection of the object at different angles. 10 Computerized tomography is a universal 3D imaging method and can be applied in many fields. When it is applied in microscopy, 3D distribution of a tiny specimen can be achieved. However, if a broad-beam wave is used without any imaging element, e.g., a Fresnel zone plate, the projection of a small point might be broadened to a plate at the position where a detector is placed, owing to the diffraction of the x-rays. Therefore the resolution is restricted when the CT technique is used directly. If we combine the two techniques-holography and CT-their advantages will be added together and high resolution will be achieved.
McNulty and colleagues 11, 12 carried out such a demonstrative holographic CT experiment, using the method of Fourier transform holography with an artificial sample. The sample consisted of two gold bars: One was used to generate the reference wave, and the other was used as the object. For practical imaging by this type of Fourier transform holography, a microzone plate (MZP) is needed to generate a point source. The accuracy of the MZP limits the resolution of the reconstruction. Watanabe and Aoki did another holographic CT (HCT) experiment using an in-line holography layout with a CCD camera. 13 In Gabor in-line holography, MZP is usually not necessary. However, to overcome the low resolving power of the CCD, a MZP was used in Watanabe's experiment to form an enlarged hologram in the CCD camera. The use of MZP became a major limitation to the resolution. Another kind of 3D microscopy, using the coherent hard x-ray from third-generation synchrotron sources, combines phase-contrast x-ray imaging with the CT technique used by Spanne et al. 14 In their experiment, an inline hologram was recorded in a relatively near field, and direct phase retrieval was not applied before CT reconstruction. Because of the near field and the lowresolution recording media, the projections must be treated not as holograms but as contrast-enhanced projections. This method is suitable for hard x rays and large samples (ϳ10 mm). However, the resolution, which is much lower than that in soft x-ray microscopy, is usually lower than 10 m.
We have developed a high-resolution HCT technique by using the synchrotron radiation light source. In contrast to earlier experiments, 11, 13 no x-ray optics are used in our experiment, and thus the limitations arising from the optics elements do not exist. Photoresists are used to record the fine interference fringes of the hologram. A twin-image noise-elimination algorithm is used in x-ray holography to improve the quality of the reconstructions. In this paper the theory and the experimental method of this technique are discussed, and some new results of HCT imaging obtained from a real biological specimen are presented. The degradation caused by the diffraction of the x-rays is reduced, and high resolution of micrometer magnitude in both the lateral and the longitudinal directions are obtained.
THEORY
The formation of the x-ray hologram is essentially based on the coherent scattering of x rays from an object. According to Bragg's law, the scattered wave has a defined relationship with the spatial periodic component of an object. The resolution is determined by the smallest detectable periodicity. It is related to the maximum angle of the detectable scattered wave, whose lateral and longitudinal components determine the corresponding resolutions. The relation between the lateral and the longitudinal resolution can be written as
where the ␦ z and ␦ x represent the lateral and the longitudinal resolution, respectively, and sin ␣ is the NA of the hologram. (Because the refractive index of most materials is approximately 1 in the x-ray region, it is omitted in the expression of NA). From this formula we can see that ␦ z approximates ␦ x when sin ␣ is ϳ1. However, under the actual experimental conditions, the NA is very small. This limitation includes the coherence of the x-ray sources, the resolving power of the recording media, and the low intensity of the coherent scattering at large angles. The value of sin ␣ is usually of the order of 0.01-0.1. Therefore the longitudinal resolution is much poorer than the lateral resolution, which means that only 2D images can be achieved in current x-ray holography. To overcome these difficulties, new methods are needed.
The most convenient way to see details in the longitudinal direction is to rotate the object against the incoming illumination wave, which is the distinguishing feature of the CT technique. The CT algorithm is designed to reconstruct the inner structure of an object from projections at various angles. A complete 3D distribution is displayed by stacking a series of 2D cross sections perpendicular to the rotation axis. In the process of projection recording, the transmitted x rays will be scattered by the object. The coherent scattered wave will interfere with the unscattered wave and form a complex pattern consisting of many fine fringes in the recording plane (Fig. 1) . As a result, the border between the shadow and the bright area will be broadened and blurred by the fringes of the interference. This phenomenon always exists in the projection and recording of an x-ray CT image, and no experimental method can be used to eliminate it. If the data extracted from the broadened projections are used to generate the CT image, the resolution of the cross section will be degraded. Accordingly, the relation between the experimental parameters and resolution must be taken into consideration. The number and the extended area of the interference fringes are determined mainly by the coherence of the x-ray sources. The amplitudes of the highorder fringes are always very small, so only the low-order fringes are considered in common CT reconstruction. Now we take the width of the first dark fringe into account to estimate the diffraction effect on the reconstruction resolution. According to the Fresnel-diffraction result of a circular disk or a straight edge, we can get a similar result, where R is the width of the widest fringe, whose intensity varies the most and can be taken as the resolution limit caused by diffraction broadening; is the wavelength of the illumination; and b is the distance from the object to the recording plane. In a typical x-ray CT instrument, is usually of the order of 0.1 nm and b is ϳ100-1000 mm, so the resolution is ϳ3.2-10 m, which is good enough for ordinary purposes. Let us assume that is 3.2 nm, b is 10 mm, then the value of R is 5.6 m. This result is unacceptable for microscopy. So a high-resolution image cannot be obtained by applying the CT technique to microscopy directly.
In fact, from Fig. 1 , we can see that the setup used to record a single projection with a 2D detector is not different from that of Gabor in-line holography. If the coherence of the source and the resolving power of the recording media are high enough, the projection can be regarded as an in-line hologram. Therefore we can process each projection with the holographic reconstruction method 15 to get a 2D image with better resolution, and the effect caused by diffraction can be significantly diminished. Then those revised projection data are used for crosssection reconstruction by the CT algorithm. With this two-step HCT process, a high-resolution 3D image can be achieved.
X-ray holography requires a coherent source. The white synchrotron radiation x ray will become partially coherent when it is monochromized and filtered by a pinhole. The coherence of the source will limit the resolution in the holographic reconstruction. In addition, the resolving power of the recording medium will also affect the resolution. The resolution limits determined by the source and the recording medium can be written as
␦ t ϭ 0.43ͱ
␦ r ϭ 0.61
where ␦ s is the resolution limited by the spatial coherence, 16 ␦ t is the resolution limited by the temporal coherence, 17 ␦ r is the resolution limited by the recording medium, 16 and ␦ is the overall resolution; is the size of the source. In our experiment, is the diameter of the exit pinhole of the linear monochromator. l and f are the distances from the source to the hologram and that from the object to the hologram respectively, ⌬ is the bandwidth of the source, and N is the resolving power of the recording medium defined as the largest number of lines recordable per unit length. From Eq. (3c), we can find that ␦ r will not be worse than the resolving power of the medium in any case. In our experiment, the resolving power of the medium, photoresist, is better than a few hundred angstroms and is much higher than that of the limitations caused by the sources; thus we will not take the effect of the recording medium into account in the following estimates and discussions. As will be described below, in our optical system, ϭ 30 m, l ϭ 700 mm, ⌬ ϭ 0.18 nm. These parameters are fixed, and only the parameter f can be varied. If we want the overall resolution to be better than 1 m, then we need ␦ s and ␦ t to be better than 0.7 m. With Eqs. (3a) and (3b), we can obtain that f should be smaller than 13.4 mm.
RECONSTRUCTION ALGORITHM
First we set up the coordinates for the recording system. The z axis is in the direction of projection, and the object absorption is a(x, y) . If the recording plane is at a distance z from the object, according to the FresnelKirchhoff integral, the scalar field U h can be written as
where h z (x, y) is a convolution kernel function. In the linear recording condition, the recorded projection-the hologram-is
where A and B are the constants determined by the recording media and I z (x, y) and U z (x, y) are the intensity and the complex amplitude distribution, respectively, in the recording plane. Each hologram will be revised by the holography reconstruction method. In this procedure, the hologram is re-illuminated by a plane wave. At a distance z behind the hologram, the reconstructed wave field is
There are four terms on the right-hand side of this equation. The first term (A ϩ B) represents the dc component or the background wave. If a(x, y) is much smaller than 1, the last term can be omitted. The second term represents the conjugate of the original object. If the absorption of the sample is pure real, then this term is an accurate duplicate of the sample. The third term is a kind of noise called ''twin-image noise.'' Its effect can be reduced or diminished in the far-field condition or by certain algorithms. 18, 19 Reconstruction of the holograms can be carried out by the numerical method rather than by the optical technique. Using this method, we can get a set of 2D projections a 1 (x, y), a 2 (x, y) ,..., a n (x, y). We assume that the rotation axis is parallel to the y axis, and the data set t(x, n ) needed for CT reconstruction in a given cross section y ϭ y 0 can be calculated by t͑x, n ͉͒ yϭy 0 ϭ Ϫln͓a n ͑ x, y 0 ͔͒.
There are several types of CT reconstruction algorithm. The algebraic reconstruction technique (ART) 20 is used in our experiment, because a good result can be achieved with a small number of projections by the ART algorithm. The iteration formula that we use is
where A k (i, j) is the kth-iteration result of the crosssection pixel (i, j) and t k (x, n ) is the projection data calculated from the whole array of A k (i, j). According to Eq. (8), in the (k ϩ 1)th iteration, all pixel values A kϩ1 (i, j) are modified by the difference between the kth reconstruction data t k (x, n ) and the original data t(x, n ). Figure 2 shows the simulated results of the ART algorithm. Figure 2 From this simulation we could see that for a very sparse object, the cross section could be clearly reconstructed with even fewer projections. This property will be of considerable benefit in our experiment.
EXPERIMENTS
We used the soft x-ray holography technique to record the in-line holograms of threads of a cobweb in polymethyl methacrylate (PMMA) photoresist. No x-ray optical devices were used in our experiment. A series of holograms were obtained at different angular settings. Projection data were extracted from each hologram by numerical reconstruction. These data were used to generate the cross sections with the CT algorithm. Several cross sections were reconstructed in our experiment, and a resolution of micrometer magnitude was achieved.
We carried out an HCT experiment at the soft x-ray microscopy beamline U12B, in the National Synchrotron Radiation Laboratory at the University of Science and Technology of China. The electron energy of the storage ring is 800 MeV, and the ring current varies from 120 to 50 mA. The beamline has installed a linear monochromator 22, 23 and is designed for microscopy with a working spectrum from 1.9 to 5.4 nm, which is suitable for biological sample research. Three condenser zone plates (CZP) with different zone numbers are used to cover the whole spectrum range. The diameter of the CZPs is 2.8 mm, and a central stop with a diameter of 1 mm is placed in the center of the CZP to absorb the unwanted white radiation. Two pinholes with diameters of 8 and 30 m are used as the filter and the exit of the monochromator. Thus the theoretical spectrum resolution /⌬ of the linear monochromator is calculated to be 175 or 47 from the diameters of the CZP and the two pinholes, respectively. The photon intensity of the illuminated spot is estimated to be 10 4 photons/m 2 when the beam current is 100 mA and the 30-m pinhole is used. To carry out CT imaging, we designed and fabricated a rotating sample holder, which can be operated in a vacuum environment. The geometry of the assembly is shown in Fig. 3 . Two rods perpendicular to each other are arranged in an annular support and sealed with vacuum rubber. The rod upstream is used to place a sample. The other rod serves as recording rod and can hold several pieces of photoresist at the same time. The projection angle can be adjusted by Ϯ60°from outside the vacuum chamber, with a knob connected at the end of the sample rod. During the recording process, after one exposure the recording rod can make a translational movement to shift a photoresist without destroying the vacuum. The whole assembly can be inserted into a ready-made vacuum chamber and sealed by an O ring. The sample we used in this experiment is a cobweb collected by a piece of stainless steel sheet. The sheet is adhered to a hole in the middle of the sample rod. The diameter of these threads is ϳ1 m. The sample is a kind of sparse object, which is required in Gabor in-line holography, because an unscattered wave is need as the reference wave to form a hologram. The recording material is photoresist PMMA. The pinhole with the diameter of 30 m is used in this experiment. The x ray used is monochromized synchrotron radiation with a wavelength of 3.2 nm. The bandwidth is measured to be 0.18 nm. 24 This value is larger than the theoretical one, which is caused mainly by the nonperfectness of the quality of the CZP. The object is placed ϳ700 mm downstream from the pinhole and outside the shadow of the central stop, and the recording distance between object and the photoresist is ϳ10 mm. The typical exposure time is ϳ30 min when the beam current is ϳ80 mA. After exposure and development, the photoresists are examined by optical microscopy, and the microimages are enlarged by the microscope and digitized by a CCD camera.
We recorded several tens of projections of the same sample. The angle spacing step is ϳ5°, covering a range from Ϫ50°to ϩ40°. A good CT result usually requires that the recording angle span a range of 180°, but this requirement is not necessary for a sparse object. 7 The simulation in Fig. 2 shows good results with only four projections. In contrast, for a radiation-sensitive sample, more recording means more radiation doses, which might cause some structure damage inside the sample. We want to get a good result with a small number of projections; therefore we choose just four projections recorded as the origin data for further processing, as shown in Fig. 4 .
RESULTS
In Fig. 4 we can see many interference fringes, which show the interference effect of the x rays. These projections are the in-line holograms of the sample. We have revised these projections by the numerical holographyreconstruction method, and the reconstructed projections are shown in Fig. 5 . An iterative phase-retrieval algorithm, the input-output algorithm, is used to suppress the twin-image noise. 18 In this algorithm, two constraint conditions are applied: In the object field, the data are constrained to be real and nonnegative, while in the holo- gram field, the square of the amplitude of the complex data should be consistent with the measured intensity. Comparing Fig. 5 with Fig. 4 , we can see that the object is clearly reconstructed; many fine structures can be found after the reconstruction. For example, a thin thread is twining around a thick thread in the lower-left part of the reconstructions in Fig. 5 , which is unrecognizable in the original images. With the parameters of the optical system, we can calculate the resolution of the holograms according to Eq. (3): ␦ s ϭ 0.52 m, ␦ t ϭ 0.58 m, and ␦ ϭ 0.78 m. From Fig. 5 we can estimate that the resolution is ϳ1 m, which agrees with the calculations.
Next, the corrected projections are used for CT reconstruction. In our experiment, only four projections are used. Three of our HCT cross-section reconstruction results are shown in Fig. 6 ; the positions of these cross sections against the rotation axis are indicated with white arrows in Fig. 5 .
In the middle bottom of the holographic reconstructed projections (Fig. 5) , we can see an S-shaped thread stuck to a straight thread, we mark them as m and k, respectively. In CT reconstruction, their spatial relation in the projection direction can be clearly distinguished. In Fig.  6(a) , although m is very close to k, we can see that m is in front and k is behind (according to the distance from the light source). In Fig. 6(b) , their distance becomes larger. The longitudinal distance between m and k is estimated to be 7 m. In Fig. 6(c) , their relative positions in the longitudinal direction are reversed. These figures show that the spatial structure of the thread m is helical. 
DISCUSSION
In our results reported here, the longitudinal resolution is worse than the lateral. The cross sections of the threads m and k should be round. However, in our reconstruction they extend in the projection direction. These effects are caused mainly by the misalignment of position among different projections during the readout process. The misalignment will introduce some errors into the parameters of x and y 0 in Eq. (7) and then cause some artifacts in CT reconstruction. In our experiment the recording medium is photoresist, so the recorded images can not be processed and read out on line; they must be taken off of the sample holder and be processed somewhere else. Therefore in the holograms there is no marker or scale to mark the rotation direction. In our present work, we calibrate and scale the projection data manually, so the errors are unavoidable. From the discussion above we can see that two major factors limited the resolution of the HCT results in our experiment. The first one is the resolution of x-ray holography. The complete resolution of HCT cannot exceed the resolution of holography, so high-resolution x-ray holography must be achieved. We can decrease the value of and ⌬ to increase the resolution of x-ray holography, which means that a highly coherent source, an undulator plus a high-performance monochromator, is needed. Recording the hologram at a smaller distance (e.g., f Ͻ 1 mm) can also increase the resolution, and then the atomic force microscope is needed to read out the details of the holograms. Another factor is the alignment of the series of holograms, whose effect we have seen in our results. The accuracy of the alignment should be at the same level as that of resolution of x-ray holography. The square meshes can be used as reference coordinates during the recording procedure. If we can ensure the accuracy in both the recording and the readout processes, the resolution of HCT can easily reach the submicrometer level and perhaps even the limit of x-ray holography. Thus, by successive sampling along the rotation axis, we can obtain the complete high-resolution 3D structure of the sample by stacking all the cross sections in sequence.
CONCLUSION
We have proved that with the integration of x-ray holography and the CT technique, the shortcomings of small NA and low longitudinal resolution that exist in x-ray holography can be overcome, and the expansion effect of the projection during CT recording can be corrected. X-ray holographic CT imaging has the advantages of both techniques: obtaining the 3D information of the inner structure of an object without contact and dissection, and high resolution in both the lateral and the longitudinal directions can be achieved. It provides a new method for further studying the properties of microbiospecimens. In addition, we have studied the possibility of CT reconstruction from a very small number of projections, which is advantageous for the experimental procedure and can reduce the radiation dosage to the sample.
